Protein labeling and labeling specificity confirmation.
We labeled the mutant Hah1 and MBD4 at the C-terminal cysteines with Cy5 and Cy3 respectively, using maleimide chemistry. We protected the metal binding cysteines in the CXXC motif of Hah1 from labeling by addition of Cu
1+
, and those of MBD4 by addition of Hg
2+
. We then removed Cu 1+ using CN − and BCA as chelators, and removed Hg 2+ using EDTA. The complete removal of Cu 1+ from Hah1 was verified by the BCA copper quantitation assay (lower than the detection limit, corresponding to less than 1% copper content), and the complete removal of Hg 2+ from MBD4 was confirmed (less than 1%) by the absence of the thiolate → Hg 2+ charge transfer transition at 250 nm in the UV-Vis spectra ( Figure S3 ). The absorbance of the free protein, free Hg(NO 3 ) 2 , and buffer were subtracted from the spectra. (B) The absorbance (at 250 nm) titration curve derived from (A).
This titration curve was used to calculate the percentage of protein-bound Hg
and confirm Hg 2+ removal by EDTA.
The singly labeled proteins were separated cleanly from the unlabeled proteins using anion-exchange chromatography ( Figure S4 ). The total masses of Cy5-Hah1 and Cy3-MBD4 suggest the presence of a single label ( Figure S5A and C). We confirmed their labeling specificity at the C-terminal cysteines using trypsin digestion and mass Expected masses in parentheses. 
Confirmation of Cu

Waiting time distribution analysis.
For Hah1-MBD4 complex dissociations and interconversions, the kinetic reactions are all simple unimolecular one-step reactions, generalized as follows:
where k is the rate constant for the reaction. The probability density function f(τ) of the waiting time τ, which is the stochastic time to complete the reaction, is:
Therefore, we can fit the distributions of the waiting times for Hah1-MBD4 complex dissociations and interconversions with single-exponential functions, and the decay constants give the rate constants directly ( Figure 2D ).
For Hah1 and MBD4 association reactions, the kinetic reactions are bimolecular one-step reactions, generalized as follows:
The ensemble rate equation for the above reaction is:
For the single-molecule reaction occurring in a nanovesicle, we have to consider the molecules in terms of their probabilities P(t) at time t. The above rate equation then
Here P AB (t) is the probability of finding AB at time t, P A (t) is the probability of finding A at time t, and P AB (t) + P A (t) = 1. P v,B,A (t) is the conditional probability at time t of finding B within the same infinitesimal volume v where A is located, given A is found.
is then
where P B,A (t) is the conditional probability at time t of finding B within the entire space of the nanovesicle, given A is found, and V is the volume of the nanovesicle. Since whenever A is there, B is found, P B,A (t) = 1. Thus, P v,B,A (t) = 1/V, which is the effective concentration, c eff , of one molecule inside the nanovesicle. We then have
The initial conditions for solving this equation are P AB (0) = 0 and P A (0) = 1 with t = 0 being the onset of each association reaction.
We can then evaluate the probability density f(τ) of the time τ needed to complete the reaction in Equation A3. The probability of finding a particular τ is f(τ)Δτ; and f(τ)Δτ is equal to the probability for molecule A to switch to the AB state between t = τ and τ + Δτ, which is ΔP AB (τ) = kc eff P A (τ)Δτ. In the limit of infinitesimal Δτ,
Using P AB (t) + P A (t) = 1 and the initial conditions to solve Equation A7 for P A (τ), we get
Therefore, we can fit the distributions of the waiting times for Hah1 and MBD4
associations with single-exponential functions ( Figure 2D) ; factoring out the effective concentration of one molecule inside the nanovesicle from the decay constants gives the rate constants for the protein association reactions. Figure S6 shows the compiled histograms of E FRET trajectories of many interaction pairs of Cy3-MBD4 and Cy5-Hah1. The histogram shows three peaks at ~0.2, 0.5, and 0.9, corresponding to E 0 , E 1 , and E 2 , respectively. The relative areas of these three peaks represent the relative stability of the dissociated state, complex 1, and complex 2; the calculated dissociated constants are K 1 ~3.8 ± 0.3 μM and K 2 = 6.3 ± 1.2 μM, consistent with those calculated from the kinetic constants ( Figure 2D ). 
FRET histogram
Further discussions of the E FRET states for Hah1-MBD4 interactions.
The control experiments using Cy5-Hah1 with free Cy3 and using Cy3-MBD4 with free Cy5 co-trapped in a nanovesicle also provide references for the Hah1 and MBD4 dissociated state. For both control experiments, the E FRET values obtained from the fluorescence trajectories are ~0.17, same as E 0 (see Figure S6 above). This confirms that E 0 is the dissociated state of Hah1 and MBD4.
As further controls and to calibrate the apparent E FRET values (approximated as I Cy5 /(I Cy5 +I Cy3 )), we used the data from our single-molecule FRET studies of a DNA Holliday junction. 9 This DNA Holliday junction has two stacked conformations at dynamic equilibrium with each other. With Cy3 and Cy5 labeled at specific locations, these two stacked conformations give rise two E FRET states due to their different Cy3-Cy5 distances. 9 Using a crystal structure of Holliday junction 10 The small r D-A 's of E 1 and E 2 are consistent with the assignment that they are two Hah1-MBD4 interaction complexes. Moreover, the difference between the r D-A of E 1 and that of E 2 is >19 Å. This difference is less likely from mere conformational differences of Hah1 or MBD4 in these two complexes, as Hah1 and MBD4 only have conformational flexibility of a few angstroms from NMR studies 2, 12 (also see discussions in the main text). We thus suggest that E 1 and E 2 are two Hah1-MBD4 complexes with different interaction geometries.
Materials and Methods
Protein engineering, expression, purification, and quantitation. The Hah1 gene, cloned into a pET21b vector (Novagen), 1 Superdex 200 prep grade) chromatography using a GE FPLC system. The protein purity was determined by SDS-PAGE and the identity was confirmed by mass spectrometry.
The protein was stored in 20 mM MES, pH 6.0, 150 mM NaCl, 20% Glycerol.
The wild type MBD4 gene in pET24d 13 was amplified by PCR using primers containing Cys4 → Ser mutation and a C-terminal cysteine insertion (Cys76) (Forward The mutant MBD4 was expressed in Rosetta(DE3) cells as described. 13 Briefly, cells were grown to an optical density of 0.6 at 600 nm and induced with 0.5 mM IPTG.
Cells were lysed via freeze/thaw cycles and proteins were purified from the lysate through anion exchange and gel filtration chromatography. The protein purity was checked by SDS-PAGE and the identity was confirmed by mass spectrometry. The protein was stored in 20 mM MES, pH 6.0, 150 mM NaCl, 20% Glycerol.
Protein concentrations were quantified using BCA and Bradford protein assays using BSA as a standard (Pierce), and the thiol quantitation method (Molecular Probes).
Copper concentrations were quantified using a BCA-based method by Brenner and Harris and with [Cu(CH 3 CN) 4 ]PF 6 (Aldrich) or copper atomic absorption standard solution (Acros Organics) as the standard. 15 The copper transfer assay was done according to the literature procedures. 6, 7, 16 Briefly, the Cu Alternatively, the slides were first amine-functionalized (Vectabond, Vector Laboratories) and then coated with PEG polymers (100 mg/mL m-PEG-SPA-5000 and 1 mg/mL biotin-PEG-NHS-3400, Nektar Therapeutics). 20, 21 1% of the PEG polymers contain a biotin terminal group to form biotin-streptavidin (Molecular Probes) linkages.
500 μL of streptavidin at a concentration of 0.2 mg/mL was then flowed in and incubated for 10 minutes. Unbound streptavidin was then washed out with buffer containing 0.1 mg/mL BSA, which help to block nonspecific binding sites. 22 Protein-loaded vesicles were flowed in at a total protein concentration of 30 pM and unbound vesicles were then washed out before single-molecule imaging experiments. An oxygen scavenging system (0.1 mg/mL glucose oxidase (Sigma), 0.025 mg/mL catalase (Roche), 4% glucose (Aldrich)) and 1 mM Trolox (Sigma) 23 was added into the sample solution just before each experiment to prolong the lifetime of the fluorescence probes, and was refreshed during experiments every half an hour.
